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1. Introduction

As reported in a previous column [1],
computational chemistry was not absent
from the first seven COST (European co-
operation in the field of science and tech-
nology) Chemistry Actions 01-07
launched in 1991. Indeed, the 03 Action
was dedicated to this field under the title
Theory and Modelling of Chemical Sys-
tems and Processes. However, the 03
Action came to an end on September 9,
1997, and the vast majority of the research
groups involved considered it as a suc-
cess. This has prompted some members of
the Management Committee of 03 to
launch a new Action devoted to Computa-
tional Chemistry, and the purpose of this
column is to present it to our readers.
Known as 09, its title is Advanced Com-
putational Chemistry o.fIncreasingly Com-
plex Systems and it actual! y started already
on June 19, 1997, for a duration of five
years.

It has become clear during the course
of the 03 action that computational chem-
istry has become a mature discipline play-
ing an increasing role in the modelling of
complex systems, with applications such
as rational drug design, prediction of prop-
erties of new materials and proposals for
their synthesis, design of new catalysts,
and modelling of physical and chemical
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processes in the environment. However,
for computational chemistry to be even
more successfully involved in such re-
search issues, new methodological devel-
opments and synergistic combinations of
different theoretical methods have to be
introduced. This will allow an extension
of theoretical investigations to the realis-
tic modelling of many-particle phases in
which chemistry takes place, such as sol-
ute-solvent, liquids, solid materials and
biological macromolecules. To summa-
rize, theoretical chemistry should be able
to treat nonideal heterogeneous systems
with a large number of particles and com-
ponents.

Both scientific and economical impli-
cations of such a development are impor-
tant for European industries. To take an
obvious example from pharmaceutical re-
search, de novo drug design, i.e., the com-
puter generation of possible biologically
active structures, has recently come on so
strong to compete with the experimental
screening. This advance leads to a reduc-
tion of time and cost of new products
development as well as to an improvement
in productivity and safety of research and
development.

The new action should therefore differ
from the previous one in promoting Euro-
pean collaboration along the following
lines:
- Tackle the frontiers of theoretical and

mathematical chemistry.
- Develop new computational schemes

especially designed to exploit the in-
novative features of parallel comput-
ers.

Establish better contacts with contigu-
ous disciplines (such as physics, math-
ematics, biology, and computer sci-
ence) to promote interdisciplinary col-
laboration.

2. Purpose and Strategy of the New
Action

Chemistry is a science with benefical
impacts of utmost importance for man-
kind. Accordingly, both basic and applied
research in chemistry should be of signif-
icanthelp in important issues such as world
population, new energy sources, environ-
ment protection, etc. Needless to say, the
role of chemical industries is crucial in this
context, and European chemical compa-
nies have along-standing tradition of high-
level products and competitivity. As the
application of computers has become cen-
tral in the doing of chemistry, and as
computer-aided molecular design is an
important component of computational
chemistry, the European chemical indus-
try needs to be able to benefit from the
latest developments in this field. To this
end, chemical research in Europe should
involve a direction devoted to advanced
computational chemistry, namely global
accurate molecular modelling of increas-
ingly complex systems.

The present concept of advanced com-
putational chemistry is different from the
standard molecular modelling tools based
on molecular mechanics/dynamics and
quantum chemistry. Indeed, most of these
tools have reached today a stage where
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they can be used more or less as black
boxes in routine applications, and there
would be little point to initiate a European
action aimed at developing new tools of
the same kind. Most ofthe corresponding
program packages are commercially avail-
able and many man-years have already
been invested in their development, so that
new initiatives aiming at similar purposes
would be wasteful today. Even though
they are deeply needed in some areas of
chemistry and biochemistry, the same is
true for the development of better para-
meters for force field methods, since the
advance taken by US-based groups or con-
sortia is enormous. It is the opinion of the
proponents of the new action that compu-
tational chemistry should decidedly turn
to advanced techniques along the follow-
ing lines:
- Combine different approaches in order

to obtain the synergistic effect of the
individual methods.

- Generalize the treatment of molecular
processes by improving molecular dy-
namics algorithms.

- Design more effecti ve methods to treat
electron correlation and relativistic ef-
fects in order to improve the quality of
electronic energy calculations (cou-
pled-clusters, perturbation theory, and
density functional approaches).

- Develop techniques to deal with the
interaction of electronic and nuclear
motion, i.e., going beyond the Born-
Oppenheimer approximation which is
generally necessary in treating excited
states of molecules and transition states
in photochemical and thermal reac-
tions.

- Develop methods to make use of new
computer architectures, in particular
efficient algorithms for parallel com-
puters.
All these advances should obviously

be in-line with the most recent hardware
and software technologies.

By increasingly complex systems, it is
meant that both the systems investigated
and the models used should reflect chem-
ical conditions in a realistic way. This
requires the proper and simultaneous treat-
ment of different species and phases in-
volved as well as the adequate control of
relevant parameters such as time, temper-
ature, etc. Such simulations will then be
applicable to problems of paramount im-
portance in chemistry. The purpose of the
new action is therefore to accurately mod-
el systems and processes such as:
- Reactions of complex chemical sys-

tems such as those of environmental
and biological relevance.

- Molecular systems and aggregates with

special optical, electric, and magnetic
properties.

- Structural and electronic phenomena
such as those occurring at surfaces and
interfaces.

- Condensed phase materials simulated
under nonequilibrium conditions over
the nanosecond timescale with inclu-
sion of polarizabilities.

- Potential drugs de novo designed with
the aid of molecular quantum similar-
ity, 3D-QSAR (Quantitative Structure-
Activity Relationships), and artificial
intelligence techniques.
These are selected applications of ad-

vanced computational chemistry tech-
niques. The technology could also be ap-
plied to other fields like materials science,
catalysis, and supramolecular chemistry.

A characteristic feature of the new
action is its large interdisciplinarity since
the contribution of physicists, mathemati-
cians, computer scientists, and biologists
is implied to a large extent. This is espe-
cially true for the methodological devel-
opments which most often lie at the bor-
derline of these disciplines. That will con-
stitute a marked difference with the previ-
ous action. The fundamental know-how in
Europe for these theoretical and mathe-
matical developments is high, as, for in-
stance, several countries have a long tradi-
tion of high-level research in theoretical
physics and mathematics.

Undoubtedly, a COST action oriented
towards advanced computational chemis-
try of increasingly complex systems will
strongly help European research and de-
velopment in keeping its competitivity
and creativity. To this end, it seems realis-
tic to strive for a representative sampling
of the various communities involved and
to identify likely prospects for interdisci-
plinary synergy.

3. General Background

3.1. Why a COST Project
for this Topic?

The term Advanced Computational
Chemistry is used in the following in order
to describe a technology, wherein compu-
tational methods are used for the predic-
tion of structural, dynamical, and thermo-
dynamical properties of chemical systems.
Examples for increasingly complex sys-
tems are molecules in interaction with
their environment (solvent, surface, cata-
lyst, etc.) or with radiation, reactive sys-
tems with several degrees of freedom,
guest-host interactions in solution, energy
surfaces with many local minima, liquid
crystals, polymers and clusters, etc.
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Traditionally, computational chemis-
try is considered as a natural outgrowth of
theoretical chemistry, the role of which
should involve the creation and dissemi-
nation of penetrating conceptual infrastruc-
ture for the chemical sciences. As far as
atomic and molecular levels are concerned,
this infrastructure could be well estab-
lished: there are numerous methodologies
(at all levels of complexity) available for
the treatment of quantum chemical prob-
lems as well as for molecular dynamics
and Monte Carlo-type simulations. The
applications of these methods in computa-
tional chemistry have led to the solution of
many problems in real chemical systems,
especially when these systems are of lim-
ited complexity. At present, for systems of
larger complexity, the traditional tools can
be applied only to very special cases be-
cause of the dramatical increase in the
computational effort with the size of the
molecules (ornumberofelectrons). There-
fore, the main goal ofthe action will be an
extension of these methods to a rational
design of drugs, to the prediction of prop-
erties of new coumpounds and proposals
for their synthesis, to the support of cata-
lysts design, and simulation of physical
and chemical processes in the environ-
ment. In this case, significant progress can
be made by taking advantage of the inno-
vative features of modern computers. Fur-
thermore, new concepts and new tools are
needed in this field. For example, there are
only a few attempts to extend the set of
computational chemistry toolkits which
root back to mathematical statistics, data-
bases analysis, fuzzy logic, artificial intel-
ligence, and theoretical biology. In this
case, efforts have to be directed to make
them applicable to real systems in an ef-
fective manner.

The aim of the new COST Action is to
bring under acommun umbrella European
researchers, who either work on the exten-
sion of standard methods or have already
started to develop (and apply) nonstand-
ard strategies, and to bring them together
with colleagues from other fields (mathe-
matics, computer science, database han-
dling, bioinformatics, etc.) and boost fu-
ture developments.

3.2. Status of Research in the Field
At present, the main emphasis of com-

putational chemistry has been on solving
the many-body electronic structure prob-
lem and on using the resulting potential-
energy surfaces to investigate nuclear mo-
tion. This has led to a collection of pro-
grams based on classical, semiclassical,
and quantum techniques. Since 1980, the
use of these programs has become a key
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tool for modelling molecules and gas-
phase chemical reactions of relati vely small
molecules. The list of achievements is
long and only typical ones are reported
below. Structural determination can be
performed with so-called chemical accu-
racy (± 0.01 A on bond lengths, ± lOon
angles) using computational methods, not
only for gas-phase systems but also for
crystalline materials. The fingerprint of
most molecules provided by the vibration-
al spectra (IR and Raman spectroscopy)
can be reproduced rapidly and reliably
with computational techniques. Molecu-
lar dynamics is easily providing accurate
prediction on the density of states at differ-
ent temperatures. Scattering experiments
from electrons or neutrons can be simulat-
ed with notable accuracy from trajectories
analyses in primary output from molecu-
lar dynamics. The availability of molecu-
lar trajectories coupled with computer
graphics and visualization allows to repre-
sent important aspects of molecular ag-
gregation, which were previously totally
inaccessible. Virtual reality is expected to
bring these techniques to higher and high-
er resolution. Thermodynamic data and
dissociation energies, once a most diffi-
cult prediction for theoretical and compu-
tational chemistry, are now accessible with
an error no longer measured in a few eV
but in a few kcal/mol or even better. Rel-
ativistic effects very important for heavy-
atom molecules can now be computation-
ally predicted. For large molecules, sim-
ple methods have been used by chemists
for a long time to estimate the energy near
their equilibrium geometry. In the molec-
ular mechanics approach the total energy
of a chemical system is approximated by a
sum of simple terms involving distances
between atoms, bond angles, and dihedral
angles. These terms involve parameters
estimated by assuming that they have the
same value as those fitted to properties of
simpler molecules (chemists have since
long known that many structural and ener-
getic features of molecules are nearly trans-
ferable among similar subfragments of
molecules). This representation of the en-
ergy has made it possible the modelling of
biological systems and a rational design of
drugs.

The application of molecular dynam-
ics and Monte Carlo methods to proteins
and other biomolecules in the 1970s has
led to their widespread use by the theoret-
ical and experimental chemical communi-
ty. The need for efficiency in designing
molecular dynamics algorithms and Mon-
te Carlo simulations to address relevant
questions like those about protein folding
is also prompting a renewed contact of

computational chemists with the applied
mathematics and physics community.

Molecular quantum mechanics was
extended to the treatment of chemical re-
action rates oflarge molecules by model-
ling the reactive event as a passage over
the barriers to reaction of a multidimen-
sional potential-energy surface. In its sim-
plest form, the model corresponds to split-
ting the reactive process into a first step of
reactants moving towards transition states
(the critical configurations), and a second
step of transition states evolving towards
reaction products.

Search for new drugs or pesticides
typically involves the investigation of thou-
sands of compounds, whose biological
properties can be correctly forecast using
computational methods. Intelligent data-
base retrievals play also an important role
within the strategy for searches for new
drugs or pesticides. There are well-docu-
mented cases of the use of computer meth-
ods, particularly quantitative structure-
activity relationship methods, as an inte-
gral part of the design of compounds
presently marketed as drugs or agrochem-
icals. Usually in QSAR methods, the rela-
tionships are examined using multiple lin-
ear or nonlinear regression, classical mul-
tivariate statistical techniques. However,
discriminant analysis, principal compo-
nents regression, factor analysis, and neu-
ral networks have also been applied to
these problems. In the last ten years, mo-
lecularquantum similarity techniques have
emerged as a comprehensive tool for drug
design.

A need for a merge of fluid dynamics
with either classical microdynamics or
cellular automata as well as the use of
computed process rates constitute the sci-
entific base to develop chemistry jointly
with chemical engineering, with a great
effect on chemistry and industry produc-
tivity.

Topology and artificial intelligence
techniques are coupled to describe molec-
ular transformations such as reactions and
conformation changes.

3.3. Relationship with other European
Programs

There is, presently, no organization in
Europe with the mission of coordinating
the design and the methodological devel-
opment of 'new and pioneering' software
for European computational chemistry;
this contrasts the trend whereby the USA
Science Foundation and the USA Depart-
ment of Energy (and other agencies as
well) are supporting computational chem-
istry in American U niversities. The Esprit
III program, with EUROPORT, likely has
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been the most direct and comprehensive
program for computational chemistry, but
it is now in its last phase. Therefore, de-
spite the widespread research work in this
field, there is no official involvement from
Europe in developing collaborative ef-
forts. The relevance of the topic has been
recognized by the CERC3 (Chairmen of
the European Research Council Chemis-
try Committees), who organized a 'Euro-
pean Young Chemists Workshop' on 'Ad-
vanced computational studies of increas-
ingly complex chemical systems' (Wien,
March 17-21, 1996). Therefore, acoordi-
nation of this research is needed through
the COST Action.

4. Objectives of the Action and Scien-
tific Content

The main objective of the new COST
Action is to enlarge the scope of computa-
tional chemistry techniques so as to per-
form a realistic modelling of chemical
systems. This means that computational
chemistry tools should be considerably
improved to gain efficiency and friendli-
ness. Efficiency improvement will be
gained by extensive design of algorithms
for innovative parallel architectures. It will
also be improved by using alternative non-
directive approaches typical of artificial
intelligence and data-mining techniques.
On the other hand, friendliness will be
improved by boosting graphical tools and
interactive approaches.

This means also that both the systems
investigated and the models used should
reflect chemical conditions in a realistic
way. This requires the proper and simulta-
neous treatment of different species and
phases involved as well as the adequate
control of relevant parameters such as
time, temperature, etc. Such simulations
will then be applicable to problems of
paramount importance in chemistry such
as rational drug design, prediction of prop-
erties of new materials and proposals for
their synthesis, design of new catalysts,
and modelling of physical and chemical
processes in the environment. New meth-
odological developments and synergistic
combinations of different theoretical meth-
ods have to be introduced.

The objective of the new Action is
therefore to efficiently and accurately
model systems and processes such as:
- Reactions of complex chemical sys-

tems such as those of environmental
and biological relevance.

- , Molecular systems and aggregates ex-
hibiting special optical, electric, and
magnetic properties.
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- Structural and electronic phenomena
such as those occurring at surfaces and
interfaces.

- Condensed phase materials simulated
under nonequilibrium conditions over
the nanosecond timescale with inclu-
sion of polarizabilities.

- Potential drugs de novo designed with
the aid of Molecular Quantum Similar-
ity, 3D-QSAR, and artificial intelli-
gence techniques.

- These are selected applications of ad-
vanced computational chemistry tech-
niques. The technology could also be
applied to other fields like materials
science, catalysis, and supramolecular
chemistry.

4.1. Subtopics
The new Action should focus on meth-

odological developments for increasingly
complex systems, in particular by taking
into account the needs of advanced exper-
iments, along the following lines:
1) Combine different approaches in order

to obtain the synergistic effect of the
individual methods. A relevant exam-
ple of this is the embedding of quan-
tum mechanics techniques into molec-
ular mechanics approaches. Another
example of interest forth is action is the
coupling of fluid dynamics codes with
scattering and molecular dynamics
methods.

2) Generalize the description of molecu-
lar processes by improving the algo-
rithms treating dynamical aspects. This
is the case of techniques based on cell-
multipole and multiple time-step meth-
ods. Other relevant examples are the
use of simplectic integrators and N-
scaling methods for quantum molecu-
lar dynamics.

3) Develop efficient techniques and algo-
rithms de novo designed for parallel
architectures to boost the performance
of computational chemistry codes when
considering large systems. Interesting
developments are expected in fields
like adaptive multigrids techniques for
treating electrostatic problems, domain
decomposition for integrating dynam-
ical differential equations, multilevel
farm organization for approaches con-
sisting of computational grains of dif-
ferent size, etc.

4) Design efficient methods to treat elec-
tron correlation and relativistic effects.
This may occur by adopting new ex-
change-correlation functionals in den-
sity functional theory by designing pro-
cedures to account for localized corre-
lation, by improving coupled-cluster
and pelturbation theory methods, by

taking into account correlation in semi-
empirical schemes or by compact con-
figuration interaction schemes.

5) Develop techniques to deal with the
interaction of electronic and nuclear
motions (going beyond the 'Born-Op-
penheimer Approximation'). This is
important for transition states in reac-
tions, in photochemical processes, and
in the spectroscopy of electronically
excited states. It could be very useful
as well in modelling atmospheric and
environmental processess, and materi-
als with unusual properties.

5. Conclusions

The response of the European Chemi-
cal Community to the new COST 09
Action has been very encouraging so far.
No less than ten countries, including Swit-
zerland, have signed the Memorandum of
Understanding by which they accept to
participate in the Action. In addition, sev-
eral research projects have already been
submitted to the European Management
Committee, and other ones are in prepara-
tion. Undoubtedly, this Action is going to
be the proper successor of 03. Readers
interested in preparing a 09 research
project or in taking part in an existing one
should consult the web sites http://
www2.cordis.lu/costlhome.html or http://
www.unil.ch/cost/chem which contain all
the information. If their project is accept-
ed by Brussels, Swiss participants may
possibly get some partial support from the
Swiss Federal Office for Education and
Science by submitting a proposal for their
own sake. If needed, further information
about the COST Action 09 may be ob-
tained from the author of this article.

It is a pleasure to thank the Federal Office of
Education and Science for its active support of
COST Chemistry Actions.
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